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INTRODUCTION
Introduction: Background and development
of microperfusion technique
Investigation of renal function has evolved in the past 15
years with the introduction of new techniques for in vitro
studies. Many of the innovations have in common that they
utilize dissected fragments of individual nephrons. The purpose
of this introduction is to recall the origin of this development,
trace its evolution, and speculate on future trends.
Background
In 1957 when I first came to the National Heart Institute, the
principal method for studying renal function was "clearance"
in which blood and urine were analyzed under special condi-
tions that permitted inferences about intrarenal events. Many of
the conclusions depended, not on the clearance studies them-
selves, but on the results of a relatively small number of
micropuncture studies begun in 1924 by Wearn and Richards
[1]. Despite its obvious importance micropuncture had not been
used very widely because the technique was perceived to be too
difficult to use outside of Richards' laboratory. By 1957,
however, more investigators were using micropuncture because
it was recognized that understanding kidney function required
knowledge of the functions of the individual nephron segments,
and micropuncture was clearly the most promising approach for
this.
At the same time important work in transport physiology was
being conducted using epithelial sheets in vitro. The studies of
Ussing and others on frog skin were widely known and quoted.
It was easy to imagine that kidney tubules functioned like small
tubes of frog skin, and renal physiologists were eager to test this
possibility by modifying the powerful methods already used on
plane sheets of epithelia and applying them to kidney tubules.
Eventually this was accomplished by a series of ingenious
modifications of micropuncture which included tubule and
capillary perfusion in situ, cable analysis of electrical properties
of tubules, and isotope flux measurements. The emphasis of the
workers in micropuncture was on in vivo studies, however,
while some of the power of the frog skin studies was that the
skin could be studied in vitro, free of the complications of
having a frog attached to it.
A number of methods for studying renal tissue in vitro
already existed. One was the use of kidney slices. Although
considerable work had been done with slices, there were many
problems with them, of which I became aware as I began to use
them. Because they usually are 0.5-mm thick or more, kidney
slices generally are anoxic at their center and the time lag for
diffusion within the slice complicates any kinetic analysis [21.
Despite this disadvantage, kidney slices had one very attractive
feature. The cells in slices were extraordinarily hardy. They
survived all sorts of experimental abuse, such as anoxia,
hypothermia, bizarre bathing solutions, and toxic chemicals
without losing the ability to maintain large transcellular gradi-
ents of sodium, potassium, chloride, organic acids, and so
forth. It was evident to me that renal tissue could survive well in
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vitro. Additionally, transepithelial transport already had been
demonstrated in kidney tubules in vitro. In preparations such as
tubules teased from fish kidneys or chick embryos, dyes
appeared densely colored in the tubule lumens, creating visual
evidence of transport. There was even a hint of how to study
transport in individual kidney tubules in vitro. Neurophysiolo-
gists worked out methods for invading the cells of giant squid
axones with axial electrodes and thus opened the way for
understanding the action potential. While these were single
cells, not tubes of epithelia, and while they were much larger
than kidney tubules the successes with the giant axones were
well known by the late 1950's and suggested to me that in vitro
perfusion might be an experimental approach to kidney tubules.
Initial studies. With this background I began to consider the
possibility of perfusing single renal tubules in vitro during my
fellowship at the National Heart Institute from 1957 to 1959 and
during the following year when I was a medical resident. I had
decided to follow this course by the time I returned to the
Laboratory of Kidney and Electrolyte Metabolism in 1960. 1
proceeded with what was, at that time, perceived as an unlikely
plan because of special conditions in our laboratory. Since my
support did not depend on immediate results, the uncertainty of
the project was not a forbidding barrier. More important, my
chief and collaborator, Jack Orloff, supported and encouraged
me despite lack of useful results for several years. Finally, not
only was it possible for me to work on a new technique, but I
had little choice, because micropuncture, which was the alter-
native I had been considering, was someone else's project into
which I was not free to intrude.
The first step was to obtain single renal tubules for perfusion.
I planned to use enzymes to separate the tubules and to perfuse
the largest segment that I could find, presumably the papillary
collecting duct.
Methods could be found in the literature for separating cells
in viable condition for culture, so I adapted them to renal tissue.
I tested the health of cells in the preparations by looking for a
high concentration of potassium, a low concentration of sodi-
um, and uptake of para-aminohippurate. The enzyme that
worked best was collagenase. The result was a suspension of
isolated renal tubules [31 that had at least two advantages over
kidney slices. It was easy to oxygenate the cells since all of the
tubules were directly exposed to the medium, and the kinetics
of cellular exchange of material with the medium were not
complicated by the time required for diffusion through the
thickness of a slice. My collaborators and I carried out a
number of studies with suspensions, but I was never satisfied
Received for publication June 15, 1982
0085—2538/82/0022—0417 $01.60
© 1982 by the International Society of Nephrology
418 Burg
Fig. 1. Arrangement for perfusing kidney tubules in vitro. (Reprinted
with permission from KOKKO JP, BURG MB, ORLOFF J: Characteristics
of NaC1 and water transport in the renal proximal tubule. J C/in Invest
50:69—76, 1971)
completely because the suspensions contained a mixture of
different tubule segments, making it difficult to identify the
function of any particular segment. Also, the tubules were not
perfused as they normally are in vivo, so the presence of any
transepithelial transport was questionable. In the end I aban-
doned the method for those reasons, but others have reinvented
it several times and have continued to use it to good advantage.
The problem of the mixture of different types of tubules in the
suspension could be avoided by dissecting single tubules after
collagenase treatment and incubating them individually. To do
this I perfused a rabbit kidney under pressure with a collage-
nase-containing solution until the tubules were dissected easily.
Maurice Abramow had joined me by that time and shared in the
studies of single tubules [4, 5]. We measured cellular ion
concentrations analyzing extracts of the tubules by electromet-
nc titration for chloride and helium glow photometry for sodium
and potassium. We also measured kinetics of ion exchange in
the individual segments by the use of radioisotopes. At that
time we used dry mass of single tubules as a baseline, weighing
them on quartz fiber balances that Sjoed Bonting had taught me
to use. Much later we realized that tubule length was a more
satisfactory baseline and easier to measure.
By then, we were convinced that we could dissect viable
tubules. The question was how to perfuse them. I learned to
make glass microcannulas of appropriate dimensions on a
microforge and began poking the broken ends of tubule frag-
ments with them. To prevent the tubule from moving away, I
tried holding the cells near an end of the tubule with suction
from one or more additional pipets, but this was an awkward
failure.
Concentric pipets were the answer. The outer pipet applied
suction to hold the tubule, and the inner one cannulated the
lumen (Fig. 1). By chance there was already a device in the
laboratory to hold concentric micropipets. Joseph Hoffman and
Walter Freygang were using it in an attempt to apply the
sucrose gap method to red blood cells. I borrowed their holder,
and after fabricating appropriate micropipets on the microforge,
successfully cannulated a proximal straight tubule from a rabbit
kidney. The result was disappointing. The fluid that I perfused
into the lumen caused a blowout at the beginning of the tubule.
The collagenase had weakened the basement membrane. I had
not succeeded in perfusing a tubule, but I had learned that the
mechanical support for the tubule comes from the basement
membrane, and it must be intact for perfusion. To perfuse them
successfully, we would have to dissect tubules without
collagenase.
Fortunately, I was using rabbits raised at the National
Institutes of Health (NIH) for my experiments at that time, and
those rabbit kidneys were not as difficult to dissect without
enzyme treatment as are kidneys from other species and from
rabbits raised outside of NIH. The preference for NIH-bred
rabbits is only partly chauvinistic. Unknown to me at the time
the colony at NIH was "clean" of pathogens, especially
Nosema cuniculi which is an endemic microsporidian parasite
that causes renal interstitial fibrosis and tubular degeneration.
Infection with such pathogens not only makes dissection more
difficult but raises questions about the "normality" of the
preparations. I have enjoyed the use of the NIH rabbit colony
for many years and had great regrets when our local bureaucra-
cy decimated it recently in a misguided quest for efficiency. The
reason I was using rabbits at the time had nothing to do with
tubule perfusion. When I initially studied kidney slices, I was
interested in testing the effect of cardiac glycosides. Rats were
more widely used for slice studies, but their tissues are resistant
to most cardiac glycosides. Therefore, I began studying rabbit
kidneys and have done so ever since. Although it was fortunate
that rabbit kidneys were good for dissection, I later encoun-
tered resistance to accepting the results from rabbits, because
their kidneys function differently in some respects from those of
rats and dogs which were the usual species used in renal
studies. Some renal physiologists considered rabbits to be
peculiar and hesitated to generalize on the basis of rabbit
studies. Also, there were relatively few reports on rabbit renal
function to serve as a background. Since then, the rabbit has
become much more popular for kidney studies, and it no longer
seems so peculiar. In fact the trend is in the opposite direction,
and there may be too much generalization on the basis of a few
results with rabbits. In any event I was fortunate to use rabbits
at the time and thus able to dissect tubules without enzyme
treatment. When I dissected a proximal straight tubule from a
rabbit kidney without collagenase, the tubule perfused beauti-
fully, and I was ready for the next step which was to figure out a
way to collect the fluid leaving the other end of the tubule.
By 1964 Jared Grantham had arrived at our laboratory and
was adventurous enough to devote his postdoctoral fellowship
to the unlikely pursuit of perfusing renal tubules in vitro.
Grantham began experimenting with ways of collecting fluid
from the perfused tubules and soon succeeded in inventing the
method shown in Figure 1.
With our success it became apparent that improvements were
necessary in our borrowed device for holding concentric pipets.
We needed to position the pipets axially with respect to one
another, which could not be done conveniently with Freygang's
apparatus. Gerhard Geibisch suggested that we consult Philip
Davies at Johns Hopkins because Davies had invented an
arrangement that held and moved micropipets in the required
manner. Therefore, Grantham, Abramow, and I visited Davies
and found that his clever invention was just what we needed.
We were discouraged, however, by the delicacy of the appara-
tus and the high degree of skill required to refabricate it for each
use. We wanted something more rugged and practical. There-
fore, we visited Ken Bolen who was the head of the precision
machining part of the shop at the National Institutes of Health.
Bolen helped us design the pipet-holding apparatus shown in
Figure 2. Since then, it has been used by ourselves and many
others. Jim White was the machinist who actually made most of
our holders. He later retired from NIH and created a business
that manufactured tubule perfusion equipment.
Tubule
Fig. 2. Apparatus for perfusing kidney tubules in vitro [6].
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With the new apparatus (Fig. 3) Grantham immediately began
perfusing tubules which resulted in 1967 in the publication of
our first paper describing the new method [61. The paper
included the results of studies on the maintenance of cellular ion
gradients by non-perfused tubules and of fluid absorption and
para-aminohippurate secretion by perfused tubules.
Many possibilities arose from the initial studies and were
explored in my own laboratory, and in the laboratories of others
where, in subsequent years, numerous extensions of the origi-
nal methods resulted. In the following I will recall how the
techniques evolved and expanded, but I will leave most of the
specific scientific results to the Symposium articles.
Development of techniques
Apparatus. The concentric pipet arrangement remains the
only practical method to perfuse tubules through a broken end.
We and the majority of other investigators continue to mount
the pipets in an apparatus that basically has the original form. It
has one annoying mechanical problem, however. The plastic
pipet holders have to be adjusted carefully to prevent trouble-
some wobble when the pipets are moved axially within each
other. Hall and Isaacson [71 and Greger (personal communica-
tion) have invented more stable arrangements to cure this
problem. Greger has even mounted electric motors on the pipet
holders so that movement of the pipets can be controlled
remotely.
For a number of years we were unable to change the
perfusion fluid during experiments. Later, to accomplish this, I
began using a third concentric pipet which extended almost to
the tip of the perfusion pipet for changing the perfusion fluid [81.
Juha Kokko, who was one of my early collaborators, accom-
plished the same result by using a fine plastic catheter to drain
the fluid from the perfusion pipet and to replace it. Greger
recently has greatly reduced the time needed to change perfu-
sion fluid by using double barrel perfusion pipets and alternat-
ing the barrel used for perfusion.
Species. Because rabbit renal tubules are relatively easy to
dissect even without collagenase, most of the initial perfusion
studies were performed on rabbits. Dealing with only one
species made it unwise to generalize widely, however, especial-
ly considering that there are aspects of renal function poorly
exemplified in rabbits. Therefore, other species are now being
used, despite more difficult dissection. Up to now I have heard
of perfusion studies utilizing the tubules of rats, mice, hamsters,
flounders, snakes, frogs, toads, necturi, amphiuma, salaman-
ders, and, even humans. I assume that tubules from additional
species are being perfused or will be soon. This may be
Fig. 3. An early version of the tubule perfusion apparatus. Part of the
original holder for tubule fluid collections obtained from Freygang is
shown on the left of the figure.
facilitated by a better understanding of the factors affecting
dissection. For example, Knepper (personal communication)
has observed that tubules are easier to dissect from pathogen-
free rats just as they are from pathogen-free rabbits. Presum-
ably, there is endemic interstitial nephritis in various species
that leads to fibrotic kidneys.
Segments. Initially, my knowledge of the segmentation of
renal tubules was sketchy. Although anatomists had published
excellent treatises on this subject, most of the segments had not
been accessible to direct experimentation and the anatomical
information was largely neglected by myself and other physiolo-
gists. For example, cortical collecting ducts are now widely
discussed and studied, but when I began dissecting single
tubules I was not even aware of their existence, and at that time
few, if any, other renal physiologists apparently were aware of
the importance of cortical collecting ducts. My initiation to
renal microanatomy came during a visit to our laboratory by
Ivar Sperber. The visit was unforgettable for a number of
reasons. Initially, Sperber explained to us what cortical collect-
ing ducts are and correctly predicted their advantages for in
vitro perfusion. As a direct result, our first extensive studies
were on cortical collecting ducts [9]. Then, Sperber taught us
microdissection. I had just begun my first clumsy attempts to
dissect collagenase-treated rabbit kidneys and was using an
impractical arrangement of micromanipulators. Sperber
showed us how to dissect free hand; we have done so ever
since. Finally, Sperber's formal lecture to us remains vividly in
my memory. During the lecture a messenger arrived telling us
that President John F. Kennedy had just been shot.
As perfusion of isolated nephron fragments proceeded, new
and more detailed anatomical studies appeared elucidating the
cellular ultrastructure of each segment. The segments in rabbit
nephrons [10] are listed in Figure 4. All have now been
perfused. The segments that are relatively easy to identify and
dissect, such as proximal tubules, have been much more widely
studied than the more difficult ones, such as inner medullary
collecting ducts. A list of 12 segments such as that in Figure 4 is
Pump
Suction
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Segment I
Segment 2
Segment 3
THIN LIMBS
Descending
Ascending
DISTAL
Medullury
Thick Ascending
Limb
Cortical
Convoluted
COLLECTING DUCT
Connecting Tubule
Cortical
Outer Medullury
Inner Medullary
Fig. 4. Diagram ofrabbit nephron segments. All of these segments have
now been studied by in vitro perfusion. (Reprinted with permission
from BURG MB: The renal handling of sodium chloride, water, amino
acids, and glucose, in The Kidney, edited by BRENNER B, RECTOR F,
W.B. Saunders Co., Philadelphia, 1980, p. 329.)
useful, but it should not be taken too literally. There are zones
of gradual transition between cell types that are difficult to
define and study, and it is not clear that all of the different kinds
of cells have been classified accurately, particularly along the
collecting ducts.
Measurements of transepithelial transport. Our first mea-
surements were of fluid absorption which allowed us to evaluate
the performance of cortical collecting ducts and proximal
tubules. We used 1311 albumin as a volume marker. Since then,
radioisotopes of inulin, iothalamate, and even water have also
served equally well as volume markers.
Transepithelial osmotic flux of water across collecting ducts
proved to be a particularly satisfactory experimental subject
and its study resulted in our second tubule perfusion paper [9]. 1
considered that it was especially important to measure fluid
absorption in proximal tubules to find out whether or not they
continued to function adequately in vitro. Initially, I was
frustrated by the difficulty of measuring the small fraction of
fluid that is absorbed by the relatively short segments I used.
Also, I had to identify and avoid a number of artefacts that
interfered with accurate measurement. After much work I was
disappointed that the absolute rates of fluid absorption in
isolated, perfused rabbit proximal tubules were low [11] com-
pared to measurements by micropuncture in rats and dogs. I
had to suspect that this might signal a defect in our method until
proven otherwise. Eventually, it was found, however, that both
glomerular filtration and proximal reabsorption rates are lower
in rabbits than in the other species, and that the low rate we
found was appropriate for the species we were studying.
Surprisingly, Grantham et al [12] later discovered that proximal
straight tubules not only absorb fluid, but, under special condi-
tions, secrete it when coupled to the secretion of organic acids.
Measurements of transepithelial solute transport are techni-
cally difficult because physiological rates of perfusion produce
very small samples of collected fluid. Volumes typically range
from 50 nI down to less than I nI. The same problem is shared
by micropuncture, and the two disciplines have developed
analytical techniques in common. We initially used radioiso-
topes in our studies because the high levels of radioactivity
available provided the necessary sensitivity. We measured
unidirectional transepithelial fluxes of various solutes and used
the information to calculate transepithelial permeability and net
flux. Clifford Patlak arranged and solved the differential equa-
tions necessary to calculate local transport parameters from the
measurements. Although radioisotopes are invaluable for mea-
suring unidirectional fluxes, chemical methods are better for net
fluxes. That requires, however, an analytical method that is
sufficiently sensitive, accurate, specific, and convenient. Much
ingenuity has been utilized to develop satisfactory microchemi-
cal methods, and they are now available for virtually all solutes
of interest. In this regard I am particularly indebted to Robert
Bowman and Gerald Vurek in the Laboratory of Technical
Development of the National Heart, Lung, and Blood Institute.
Between them they invented many methods including those
used for measuring sodium, potassium, osmolality, and total
carbon dioxide [13, 14]. Vurek recently has added a microcolor-
imeter to his inventions [15] and a microfluorimeter (personal
communication), each of which holds a volume less than one
microliter in its cuvet. These new instruments facilitate the
measurement of minute quantities of any solute which reacts to
produce a change in color or fluorescence. Another method that
we have applied recently to microperfusion is the use of
microscopic pH electrodes [16].
Conditions of perfusion. An appropriate choice of conditions
for perfusion is important if isolated tubules are to survive and
provide useful information. So many variables are involved,
however, that we could not test all of the combinations system-
atically. As a result, we started with conditions that were
arbitrary in many respects. Unfortunately, later investigators
sometimes attributed special significance to some of those
conditions when in fact there was none.
For our initial studies with cortical collecting ducts, we used
essentially the same bathing solution that I had used previously
with kidney slices and tubule suspensions, keeping the prepara-
tion at room temperature. The collecting ducts responded to
vasopressin under those conditions and displayed interesting
electrical characteristics, sodium, and potassium transport, and
so forth [17]. In retrospect, however, the bathing solution we
used is unusual in a number of respects. A principal substrate is
10 m acetate, which is hardly "physiological." I had earlier
begun to use acetate because it supported oxygen consumption
in kidney slices as well as did other substrates, and it was more
conveniently available. Also 5% of calf serum was present with
even less justification. The solution worked satisfactorily for
collecting ducts, however, and we and other investigators
continued to use it for a number of years.
In contrast, when I perfused proximal tubules under the same
conditions I was disappointed to find hardly any fluid absorp-
tion. After much trial and error, I began using rabbit serum in
the bath, ultrafiltrate of serum in the perfusate, and a tempera-
ture of 37°C. Considerably higher rates of fluid absorption
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resulted. Eventually, we identified the factors important for
proximal tubule fluid absorption and constructed an artificial
solution that was satisfactory [18]. Since then, we have also
used essentially the same artificial solution for the other seg-
ments to compare them. The major difference between our
treatment of the various segments is that we ordinarily use
albumin in the bath for proximal tubules since that leads to
higher fluid absorption and better survival, but we do not use
albumin with the other segments in which it makes no
difference.
Evidently, there are no "physiologically correct" bathing
and perfusing solutions for each segment. For one thing, the
fluid in the lumen of a particular segment in vivo may vary
widely under conditions all of which are physiological. Also,
the nature of the solutions must depend on the purpose of the
experiment. If the important point is to compare segments, then
all have to be studied under the same conditions whether or not
they are ever exposed to the same conditions in vivo. Similarly,
when the mechanism of transport is studied, it is often helpful to
use the identical solution in both the perfusate and bath,
although that condition is never found in vivo.
Electrical measurements. An early criticism of my method
came from Jack Dainty. He told me that our results concerning
ion transport were uninterpretable without knowing the trans-
epithelial voltage. He was right, so I set about to find a way to
measure it. The method used in micropuncture was to impale
through the tubule wall with a potassium chloride-filled micro-
electrode. This seemed impractical, however, for isolated per-
fused tubules. Instead, I chose the perfusion pipet as a bridge
into the tubule lumen. This worked but I was soon informed of a
complication that I had not considered and could understand
only with difficulty. Jared Diamond pointed out that when the
perfusate and bath have different ionic compositions, the liquid
junction potential between them must be determined to calcu-
late the transepithelial potential correctly. He sent me a pre-
print of his paper [19] which introduced me to this arcane
subject, and instilled in me a fondness for symmetrical solu-
tions. Since then we and other investigators have struggled with
this correction, and have, I believe, approximated it well
enough to accumulate useful measurements of the transepithe-
hal voltage even with asymmetrical solutions.
Leon Isaacson collaborated in making the first measurements
of voltage in cortical collecting ducts [20]. In addition to
measuring transepithelial voltage we attempted to measure
electrical resistance by cable analysis. We did not succeed in
measuring resistance, however, because there was a relatively
large electrical leak at the distal end of the tubules where the
collecting pipet was holding it. This problem was later solved by
Sandy Helman who followed one of Vurek's suggestions and
insulated between the tubule and the pipet with Sylgard resin
[21]. The resin is a viscous liquid designed to be hardened by a
catalyst for potting electronic components. We used it without
adding the catalyst and found it to be marvelous for insulating
the ends of tubules. We now use it routinely, contained in
separate outer concentric pipets added for that purpose to both
the perfusion and collecting systems [7]. The method for
measuring the resistance that we developed is rigorous and
satisfying, since it produces redundant data that permit internal
verification of the results [211.
Later, I adapted these electrical methods to proximal tubules.
When the perfusion end was insulated properly, a spontaneous
transepithelial voltage was apparent [221. At the time it was
debated whether proximal tubule had any spontaneous voltage
or not. My finding helped answer that question and the method
later contributed to the elucidation of the magnitude and
complex origins of the potential.
Electrical resistance was harder to measure in proximal
tubules than it had been in collecting ducts. For the collecting
ducts we had both passed current and measured voltage
through the same perfusion pipet, nulling the voltage change
due to pipette resistance with a bridge circuit. This could work
for the collecting ducts since they have a high resistance similar
to that of the pipet. It does not work satisfactorily for proximal
tubules, however, because they have a much lower resistance.
Separate circuits are needed to pass current and measure the
voltage. We [23] accomplished this in two different ways by
adding another concentric pipet which extended through the
perfusion pipet or coating the latter with platinum. Both sys-
tems worked and gave results which were in agreement. Both
methods are awkward and difficult, however. The inner concen-
tric pipet was difficult to fabricate and mount; the platinum
made the perfusion pipet opaque so that it was difficult to
diagnose plugs in it. Greger [24] has invented a better arrange-
ment which is the use of a double barrel perfusion pipet to
provide two channels for two electric circuits.
The newest development in electrical technique is the mea-
surement of cellular potentials [25] and ion activities in isolated
perfused tubules by means of appropriate microelectrodes. The
additional information that is obtained by this method makes it
possible to define the cellular steps in transtubular ion
transport.
Intracellular solute pools. Bruce Tune collaborated with me
in making the first measurements of cellular transport pools in
isolated perfused tubules. The procedure involved perfusing
with radioactive substrate, then recovering the tubule quickly
enough so that the intracellular content did not change. It was
also necessary to eliminate or account for contaminating lumen-
al and bath fluid. Using this method Tune demonstrated that
glucose absorption was accomplished by active transport
across the proximal tubule lumen membrane [26], while para-
aminohippurate was secreted by active transport across the
basolateral membrane [27]. We also modeled the cellular trans-
port steps of both processes with mathematical help from
Patlak. Other investigators have adapted these methods to
study the cellular kinetics of transport of various organic
solutes. Since all of these studies have utilized radioisotopes, it
has been necessary to account for any metabolic transformation
of the radioactive compounds. Tune accomplished this by
chromatography of the radioactive solute extracted from the
tissue, as have subsequent investigators.
Studies of metabolism. Metabolic pathways can be identified
by their enzymes in a tissue. Enzymes were first assayed in
various nephron segments by Bonting et al [28]. They dissected
small tubule fragments from lyophilized kidney slices and used
Lowry's method to measure enzyme activity. Morel, Cha-
bardes, and Imbert [29] improved on this by dissecting tubules
directly from collagenase-treated kidneys to measure adenyl
cyclase and other enzymes. The advantage of Morel, Cha-
bardes, and Imbert's method is that much larger samples can be
dissected after collagenase, which simplifies handling and re-
422 Burg
duces the required sensitivity of the assays. Also, it is easier to
identify segments dissected from intact tissue than from thin
lyophilized slices.
Metabolic pathways can also be identified by measuring
14C02 production from labled substrates. Klein et al [30]
developed a method sensitive enough to measure the small
amounts of '4C02 produced by dissected tubules from '4C
substrates during incubation. Because the tubules were not
perfused, however, it is difficult to relate the observed metabo-
lism to transepithelial transport.
Finally, metabolism has been monitored during tubule perfu-
sion by measuring fluorescence excited from NADH and the
cytochromes. Balaban, Dennis, and Mandel [31] did this with
single isolated perfused tubules by using a highly sophisticated
microscope optical system.
Cellular morphology. When Grantham began testing the
effect of vasopressin on the water permeability of cortical
collecting ducts, he noticed that the cells and the spaces
between them swelled as fluid absorption increased. Since the
swelling resulted from the pressure of the transported fluid, his
observation provided additional evidence that vasopressin in-
creases the permeability of the lumen membrane and that the
fluid passes through the cell and lateral intercellular spaces.
Ganote et al [321 extended these observations by fixing the
tubules during perfusion and processing them for electron
microscopy. Fixation was facilitated by the direct application of
the fixatives to the tubules, and changes caused by fixation and
dehydration were controlled by directly monitoring those pro-
cesses through the microscope. This method has resulted in
many additional studies correlating function and morphology.
Chronic conditioning ofji,nction. Based on our initial studies
it was evident that vasopressin acutely altered cortical collect-
ing duct function. Analogous acute changes have been demon-
strated subsequently with numerous other agents in this and
other segments. In vitro perfusion can also be used to identify
more chronic and persistent changes. This was first shown by
Gustavo Frindt and myself [33]. We found differences in
transepithelial voltage in collecting ducts from rabbits given
various ratios of sodium and potassium in their diets. The
alterations in voltage were a long-term effect of changes in
endogenous aldosterone. Because of this conditioning by aldos-
terone in vivo, tubule function was modified when the tubules
were later studied in vitro.
By combining these procedures, perfusion in vitro can be
used for studying the mechanisms that control renal function
either acutely or chronically. The acute effects are elicited by
applying a hormone or other change in conditions in vitro after a
suitable control period. Chronic conditioning is studied by
treating living animals differently and then noting any systemat-
ic differences in function when their tubules are later isolated
and perfused under identical conditions in vitro.
Pathophysiology can also be studied by these techniques.
Fine et al [341 investigated both the acute effects of uremic
serum on tubule function and the long-term effects of condition-
ing of the tubules by uremia. He made rabbits uremic by
surgically removing most of their kidney mass. Then, he
dissected tubules from the kidney remnant and from normal
kidneys, and perfused each kind of tubule in sera from both
normal and uremic animals. In that way he was able to
distinguish the long-term effects of conditioning of the tubules
by uremia from the acute effects of the uremic environment.
Similar strategies are now being used to study other pathologic
effects on renal function.
The tubule basement membrane. As mentioned earlier, the
basement membrane is necessary to support the tubule cells
during perfusion. Neophyte perfusers often become discour-
aged when they observe that their too vigorous efforts have
dislodged some epithelial cells, leaving behind areas of bare
basement membrane. Welling and Grantham [35] turned this
mundane observation to good advantage by developing meth-
ods to deliberately strip away all of the cells and leave only the
basement membrane. They perfused bare basement membranes
and in this fashion were able to measure their compliance and
permeability. The compliance of the bare basement membrane
was similar to that of the intact tubule, reemphasizing the
important mechanical role of the basement membrane.
Cell volume regulation. Grantham et al [361 also used dissect-
ed tubules to study cell volume regulation. They crimped the
ends of dissected tubules into pipets in such a way that access
to the lumen was blocked and the lumens collapsed. Then, they
calculated the volume of the tubule cells under various condi-
tions by measuring length and diameter. One interesting result
was that the basement membrane played an important role
here, also. Under some conditions, swelling of the cells was
limited by the basement membrane; removing it with collage-
nase resulted in greater swelling.
Receptors. Vandewalle et al [37] measured binding of radio-
active aldosterone to receptors on dissected renal tubules. They
used autoradiography to detect the signal from the small
amounts of tritiated aldosterone bound to the receptors. The
same technique presumably could be used for other receptors,
provided ligands can be prepared with high enough radioactiv-
ity. Alternatively, specific immunofluorescent techniques or
fluorescent ligands might be tried.
Isolated glomeruli. Glomeruli, as well as tubules, are now
being isolated and studied individually in vitro. Pipets have
been connected simultaneously to the efferent and afferent
blood vessels for measurements of the dynamics of glomerular
filtration [381. Also, a clever way has been discovered to
investigate some properties of the glomerular membranes with-
out directly perfusing the capillaries. When the oncotic pressure
of the fluid surrounding isolated glomeruli is altered abruptly,
the resulting osmosis across the capillary wall causes measur-
able changes in glomerular volume [39].
Cell culture. Despite the many ingenious ways that have been
invented to study the function and chemistry of individual
tubule segments, their small size and relatively short useful life
span in vitro remain serious limitations. Cell culture may
mitigate these problems. Continuous lines of tubule cells have
been identified that form oriented functional epithelia in culture
and techniques have been developed to study them [401. Only a
few of the established lines of renal cells are useful for physiolo-
gists, however, and the exact segment from which they originat-
ed is questionable. Therefore, we and others have been at-
tempting to establish cell lines from defined nephron segments.
Horster [41] demonstrated that tubule segments dissected from
rabbit kidneys grow in primary culture. We [42] found that cells
grown from rabbit medullary thick ascending limbs exhibited in
primary culture the transepithelial voltage characteristics of the
segment. This is only a beginning, however. To provide the
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large amount of material needed for biochemical and biophysi-
cal studies, we will have to establish cell lines routinely that not
only grow well but maintain the differentiated transport func-
tion of the cells from which they originated. This is not an easy
task and has not been accomplished yet.
Conclusions
The technique of dissection and study of fragments of individ-
ual nephron segments in vitro is now widely used. The methods
have been the basis of hundreds of publications within the past
5 years and have recently been extensively reviewed [43, 44]. I
have attempted to recount how these methods developed and to
list some of their many modifications and extensions from their
original forms. The papers that follow in this issue describe
some of the discoveries made using these methods. I hope that
these and future results will help us better understand the
function of both the normal and the diseased kidney.
MAURICE B. BURG
Bethesda, Maryland
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